Abstract: Promising lightweight composite materials, bridging the gap between Polymer and Ceramic Matrix Composites, are manufactured as polymer derived ceramics by the use of polysiloxanes and basalt fibers. Such competitive free formable Hybrid Composites are supposed to be capable for lightweight applications in a temperature range between 300 • C and 850 • C and short time exposure up to over 1000 • C, even in oxidative atmosphere. Cheap raw materials like basalt fibers and siloxane resins in combination with performing manufacturing technologies can establish completely new markets for intermediate temperature composites. These attributes enable the Hybrid Composites as ideal material for fire retardant applications in automotive engineering and public transportation, as well as in fire protection systems in electrical and civil engineering applications. In this study, the most prominent fields of application and engineering solutions for Hybrid-CMC are reviewed and the results of the thermal resistivity analysis effectuated on basalt fiber reinforced SiOC samples are presented. This study consisted of several air exposures between 1 h and 50 h and temperatures in the range of 650 • C to 1100 • C. Remaining mechanical resistance was characterized by Impulse Excitation Technique (IET) and Interlaminar Shear Strength (ILSS) tests. Basalt fiber reinforced samples exhibited a decent level of mechanical performance even after the most demanding exposures. Due to the poor oxidation resistance of carbon fibers, C f /SiOC composites were completely degraded after long-term exposure at 500 • C in air.
Introduction
The increasing interest in lightweight design and engineering has motivated various efforts in research and development of innovative production processes for carbon fiber reinforced plastics (CFRP). These Polymer Matrix Composites (PMC) exhibit low density in combination with superior strength and high modulus. For this reason, CFRP are nowadays not only employed in typical lightweight sectors like aviation, but in almost all industrial fields, including ground transportation and even the leisure and sports good market. An important limitation of CFRP is their low thermal and thermochemical stability. Standard matrix materials for these composites, e.g., epoxy, are suitable only up to temperatures about 140 • C (see Figure 1 ) [1] . Special high end polymers, e.g., polyether ether ketone (PEEK) or polyimides (PI), are capable for service temperatures up to 280 • C [1] , at much higher cost and process complexity. The lack of adequate wear resistance and a constricted chemical resistivity are further handicaps of most PMC materials. [2] ; b) Lamborghini Murcielago [3] ; c) Intercity-Express high speed train [4] .
Advanced CMC (Ceramic Matrix Composites) exhibit a much higher temperature and wear resistance in combination with pseudo-ductile failure mechanisms and an increased toughness in comparison with bulk ceramics. Well known examples for CMC are, among others, alumina-fiber reinforced alumina (ox/ox), carbon fiber reinforced silicon carbide (C/SiC), and carbon fiber reinforced carbon (C/C). The extremely high specific heat and low coefficient of linear expansion of C/C make them the most common material choice for brake rotors in civil and military aircrafts. These brake assemblies achieve temperatures of 500 °C in a normal landing operation and up to 1300 °C in the case of rejected take-off [5] . Besides their use in aviation and astronautic industries, CMC are also employed as lightweight brake rotors in sports cars [6] . Processing-routes of these composites are typically hot pressing, chemical vapor infiltration (CVI) or reaction bonding (RB) by liquid silicon infiltration (LSI). Reinforcing fibers enduring high service temperatures and harsh manufacturing conditions are predominantly very expensive ceramic fibers based on silicon carbide or alumina. Complex processing and cost-intensive raw materials make them unattractive for series parts, especially for industrial sectors with severe cost pressures, like automotive industry. Actually, there is a lack of lightweight materials for applications in an intermediate temperature range between 300 °C and 1000 °C, where PMC and light metals are not applicable anymore. CMC, however, are too expensive.
Hybrid-CMC combining a high thermal stability and good tribological behavior in the range of ceramic composites and cost-efficient elaborated full-scale series production in PMC technology are the most suitable solution to bridge this gap. Fiber reinforced polymer derived ceramics (PDC) are a promising composite material for these requirements. Polymer derived ceramics are manufactured from silicon containing precursors, which are converted into ceramics by a controlled chemical crosslinking and pyrolysis process [7] . This thermochemical transformation from polymer to ceramic is associated with a distinct mass loss and a certain shrinkage, which involve residual stresses and porosity. Due to the high loss in volume, manufacturing of PDC bulk ceramics is difficult. Fiber reinforcement and ceramic filler powders are used to reduce this shrinkage. Due to the availability on the market, the inexpensive price and the easy processability, polysiloxanes are the most promising matrix raw material for an intermediate temperature composite [8, 9] . After polymerization of the siloxane, the green body is pyrolyzed to an amorphous or glassy SiOC ceramic.
The goals of the present article are as follows: 
Applications of Hybrid-CMC (Ceramic Matrix Composite)
This processing route allows the adaptation of matured production technologies of PMC for the manufacturing of Hybrid-CMC components. In order to qualify the material for series applications, manufacturing technologies like Resin Transfer Moulding (RTM), filament winding, Pultrusion, or axial warm pressing techniques have been employed. Advanced CMC (Ceramic Matrix Composites) exhibit a much higher temperature and wear resistance in combination with pseudo-ductile failure mechanisms and an increased toughness in comparison with bulk ceramics. Well known examples for CMC are, among others, alumina-fiber reinforced alumina (ox/ox), carbon fiber reinforced silicon carbide (C/SiC), and carbon fiber reinforced carbon (C/C). The extremely high specific heat and low coefficient of linear expansion of C/C make them the most common material choice for brake rotors in civil and military aircrafts. These brake assemblies achieve temperatures of 500 • C in a normal landing operation and up to 1300 • C in the case of rejected take-off [5] . Besides their use in aviation and astronautic industries, CMC are also employed as lightweight brake rotors in sports cars [6] . Processing-routes of these composites are typically hot pressing, chemical vapor infiltration (CVI) or reaction bonding (RB) by liquid silicon infiltration (LSI). Reinforcing fibers enduring high service temperatures and harsh manufacturing conditions are predominantly very expensive ceramic fibers based on silicon carbide or alumina. Complex processing and cost-intensive raw materials make them unattractive for series parts, especially for industrial sectors with severe cost pressures, like automotive industry. Actually, there is a lack of lightweight materials for applications in an intermediate temperature range between 300 • C and 1000 • C, where PMC and light metals are not applicable anymore. CMC, however, are too expensive.
The goals of the present article are as follows:
• Reviewing the most prominent fields of application and engineering solutions developed at the Institute for Manufacturing Technologies of Ceramic Components and Composites for Hybrid-CMC in Section 2.
•
Presenting the results of the thermal resistivity analysis effectuated on basalt fiber reinforced SiOC samples manufactured by Resin Transfer Molding (RTM) in Section 3, Section 4, Section 5, and Section 6.
Applications of Hybrid-CMC (Ceramic Matrix Composite)
This processing route allows the adaptation of matured production technologies of PMC for the manufacturing of Hybrid-CMC components. In order to qualify the material for series applications, manufacturing technologies like Resin Transfer Moulding (RTM), filament winding, Pultrusion, or axial warm pressing techniques have been employed.
Basalt fiber reinforced SiOC composites feature significantly increased tribological properties in comparison to pure polymeric composite materials. The elevated hardness of the basalt fibers and the adjustable hardness of the matrix, which depends on the ceramization grade, enable a wide range of applications with tribological load. B f /SiOC brake pads were evaluated exhibiting a high and constant coefficient of friction over a broad band of speed (see Figure 2b ,c). In comparison with grey cast iron brake rotors, reduced density and no flying sparks are the most important benefits. This last requirement is essential for elevator systems in skyscrapers in order to eliminate the risk of fire (see Figure 3) . B f /SiOC brake rotors have also been manufactured and tested (see Figure 2a) . This material selection could be a competitive alternative to C/SiC or C/C materials for friction applications in e-mobility vehicles and (motor-)cycles [8] .
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Experimental
Plain weave basalt fiber fabrics with an areal weight of 800 g/cm 2 and rovings manufactured by Kamenny Vek (Dubna, Russia) were used in this study. In order to compare the thermal and oxidation resistance of Bf/SiOC with Cf/SiOC, plain weave carbon fiber fabrics with an areal weight of 400 g/cm 2 and rovings manufactured by Dowaksa (Istanbul, Turkey) were employed as reference reinforcement. A commercially available methylphenylvinylhydrogen polysiloxane, Silres ® H62C produced by Wacker Chemie AG (Burghausen, Germany), was used as resin for the infiltration process. The shrinkage of the matrix was not modified by the use of active or passive fillers.
Square plates with 200 mm side length and 3 mm thickness with carbon and basalt fabric reinforcement were manufactured via Resin Transfer Molding. The RTM equipment from Composite Integration Ltd. (Saltash, UK) was modified at IFKB to meet the processing requirements of polysiloxanes [13] . Additionally, the mold design was optimized in terms of infiltration and curing behavior of polysiloxane in cooperation with WingsAndMore GmbH & Co. KG (Ebersbach, Germany). In order to optimize the viscosity of the resin, the aluminum RTM mold was preheated to a temperature of 80 °C. After injection of the precursor (polysiloxane) into the dry fiber preforms, the resin was cured in the closed mold at a temperature of 180 °C. In order to complete the crosslinking process of the polysiloxane, the shaped plate (green body) was extracted from the mold and cured at 250 °C for 2 h in a drying oven. In this stage (green body), the material is a fiber reinforced PMC with a polysiloxane matrix. No pyrolysis or re-infiltration processing were performed to the samples. The polymer-ceramic transformation was effectuated during the next step (thermal exposure).
Produced basalt fiber reinforced plates were cut in 60 samples of dimensions 150 mm × 20 mm for the thermal exposure tests. One sample of the same dimensions was cut from the carbon fiber reinforced plate.
In order to compare the thermal resistivity and oxidation resistance of carbon and basalt fiber reinforced SiOC, Bf/SiOC samples were exposed to temperatures between 650 and 1250 °C in 150 °C-steps in air atmosphere. Exposure times of 1, 2, 6, 24, and 50 h were effected. Three Bf/SiOC samples were tested under each exposure condition. In order to perform the mentioned comparison, one sample of Cf/SiOC was exposed during 24 h to 500 °C in air using the same oven. The reason for aging just one carbon fiber reinforced sample was to try to avoid a massive air contamination at the laboratory with low-diameter oxidized carbon filaments, which can lead to pulmonary diseases.
Samples were mechanically characterized after exposures by Impulse Excitation Technique (RFDA Basic, IMCE, Genk, Belgium) and by Interlaminar Shear Strength (ILSS) tests. This last one consisted of a three-point bending test with short support span (5 times the thickness of the plates) performed with a Z100 universal testing machine manufactured by Zwick Roell (Ulm, Germany) according to the standard DIN 658-5 [14] . This option is the preferred one for the characterization of 
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Samples were also automatically ground, lapped, and polished with 15 µm, 6 µm, and 1 µm diamond suspension until a mirror-like surface was obtained (Struers ApS, Ballerup, Denmark). Optical micrographs of polished samples were taken with a light optical microscope (MEF4M, Leica, Wetzlar, Germany). The porosity of the thermally treated samples was measured using a mercury porosimeter Pascal 140/440 (CEInstruments, United Kingdom). One single sample for every treatment was tested. Figure 5 shows the appearance of B f /SiOC and C f /SiOC samples after thermal treatments. It should be underlined that after a 24 h exposure to 1200 • C in air, the basalt fiber phase of the B f /SiOC samples seemed to be solidified after a melting process (see Figure 5c ). This observation means that the melting or softening point of the employed fiber charge is not higher than 1250 • C. Therefore, no further exposure at 1250 • C were performed. B f /SiOC samples after every thermal exposure, even at the most demanding conditions (1100 • C for 50 h), showed a certain thermal stability. In contrast to basalt fiber reinforced samples, the carbon fiber reinforced one was reduced to ashes after a 50 h exposure at 500 • C in air. It was not possible for the operator to remove the sample from the oven for further characterization. After taking the image of Figure 5d , a part of the obtained particles was introduced in a plastic zip-lock bag and the rest of the carbon fiber reinforced sample was removed from the oven with a vacuum cleaner. Therefore, no results about mechanical properties of C f /SiOC can be found in this manuscript. the Interlaminar Shear Strength (ILSS) of fabric reinforced composites. Three samples were characterized for every different thermal treatment. Samples were also automatically ground, lapped, and polished with 15 μm, 6 μm, and 1 μm diamond suspension until a mirror-like surface was obtained (Struers ApS, Ballerup, Denmark). Optical micrographs of polished samples were taken with a light optical microscope (MEF4M, Leica, Wetzlar, Germany). The porosity of the thermally treated samples was measured using a mercury porosimeter Pascal 140/440 (CEInstruments, United Kingdom). One single sample for every treatment was tested. Figure 5 shows the appearance of Bf/SiOC and Cf/SiOC samples after thermal treatments. It should be underlined that after a 24 h exposure to 1200 °C in air, the basalt fiber phase of the Bf/SiOC samples seemed to be solidified after a melting process (see Figure 5c ). This observation means that the melting or softening point of the employed fiber charge is not higher than 1250 °C. Therefore, no further exposure at 1250 °C were performed.
Results

Bf/SiOC samples after every thermal exposure, even at the most demanding conditions (1100 °C for 50 h), showed a certain thermal stability. In contrast to basalt fiber reinforced samples, the carbon fiber reinforced one was reduced to ashes after a 50 h exposure at 500 °C in air. It was not possible for the operator to remove the sample from the oven for further characterization. After taking the image of Figure 5d , a part of the obtained particles was introduced in a plastic zip-lock bag and the rest of the carbon fiber reinforced sample was removed from the oven with a vacuum cleaner. Therefore, no results about mechanical properties of Cf/SiOC can be found in this manuscript. The morphology of the composite material was analyzed by means of optical microscopy. For samples treated with temperatures above 800 • C, crystallization effects at the filament surfaces were detected (see Figure 6 ). This crystallization effect of the fiber was not observed for samples exposed to 650 • C (see Figure 6 left). This phenomenon was already mentioned in a previous publication for samples pyrolyzed at 750 • C and 850 • C under N 2 atmosphere [13] . For a treatment at 1000 • C, these crystals seem to emerge to the outer surface of the filaments (see Figure 6 right). This behavior was again already mentioned in the same previous publication [13] .
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Discussion
Basalt fiber reinforced polysiloxane samples show a very stable behavior after thermal exposures under the crystallization temperature of basalt fiber, which was found to be close to 850 °C in a 
Basalt fiber reinforced polysiloxane samples show a very stable behavior after thermal exposures under the crystallization temperature of basalt fiber, which was found to be close to 850 • C in a previous study via differential thermal analysis with coupled thermogravimetry DTA/TG [13] . B f /SiOC samples treated at 650 • C and 800 • C reach a steady state after 6 hours of exposure, which is maintained even after 50 h of treatment. The crystallization process of the fibers, confirmed by cross section optical micrographs shown in Figure 6 , impairs their mechanical properties (especially their toughness). This phenomenon decreases the mechanical performance of the composite, as observed for samples exposed to 950 • C and 1100 • C.
The second effect that explains the degradation of the composite below temperatures of 800 • C is the increasing porosity of the SiOC matrix. B f /SiOC samples after a 50h exposure to 950 • C present a porosity increase of 50% in comparison with samples treated at 800 • C. This handicap of polymer derived ceramics is widely published and explained in the literature [7] . The addition of inert or active filler materials to the matrix and the substitution of this resin by another one with higher ceramic yield can lead to a reduction of porosity and shrinkage during pyrolysis and therefore to an increase of the mechanical properties.
Conclusions
SiOC derived hybrid ceramic composites with basalt fiber reinforcement were manufactured by Resin Transfer Molding technique. The materials were characterized with a special focus on their thermochemical stability and thermal resistivity. The first important conclusion is the significant difference in thermal resistivity for samples reinforced with carbon and alternatively with basalt fibers. Carbon fiber reinforced polysiloxane samples were completely degraded after a 24 h exposure to 500 • C by oxidation. In contrast, basalt fiber reinforced samples exhibit a decent mechanical performance even after a 50h exposure to 1100 • C with over 20 GPa Young's Modulus. These moderate mechanical properties are sufficient for applications, in which the component must sustain just its structural integrity and own weight at this elevated temperature range. Novel Exhaust systems and components are a suitable example of this kind of application.
However, results obtained in this study also confirmed that B f /SiOC are not suitable for long time exposures to temperatures in the range of 1250 • C and above due to the softening or melting point of the basalt fibers and the observed re-crystallization with a subsequent degradation of mechanical properties.
The best mechanical performance, regarding ILSS and stiffness, was measured for up to 800 • C exposures. Therefore, this seems to be the optimal service temperature range for this family of Hybrid-CMC materials. 
